Polychlorinated biphenyls (PCBs) are frequently encountered as contaminants in soil environments, usually originating from electrical transformer leaks or improper disposal of PCB-containing wastes. Remediation of PCB-contaminated soils has typically involved excavation followed by impoundment in landfills or destruction by incineration. However, issues of long-term liability, high cost, and facility access stand to limit the continuing implementation of these strategies and have provided the impetus needed for the examination of alternative technologies, bioremediation being among these.
The PCB-degrading capacity of numerous bacterial strains, many of which are common soil organisms, has been described previously (2) (3) (4) 9) . However, the only PCB congeners typically utilized by bacteria as growth substrates are the monochlorobiphenyls, although recent exceptions have been reported (16) . The more highly chlorinated PCB congeners, in contrast, are degraded by a cometabolic process in which biphenyl typically serves as the substrate inducer and cooxidant. The usual end products produced from the cometabolic degradation of PCBs are chlorinated benzoic acids and chlorinated aliphatic acids (10, 11) , the former of which are known to serve as growth substrates (6, 12, 19, 22) .
Numerous studies have examined PCB degradation in soil systems (for reviews, see references 17 and 20) of potential bioremediation applications was that of Brunner et al. (5) . These investigators examined the effect of inoculation with a PCB cometabolizer (Acinetobacter sp. strain P6) and biphenyl addition on mineralization of [14C]Aroclor 1242. While mineralization was more rapid in soils amended with biphenyl and inoculated with Acinetobacter sp. strain P6, the final levels of PCB mineralization (19%) were similar to that found in soils amended with biphenyl alone (17%). Similar findings were reported in a subsequent study except that levels were higher (30%) (7) . Another result common to both studies was the occurrence of a several-day lag between the periods of maximal total CO2 and 14C02 evolution rates.
Viable plate counts confirmed that the periods of maximal CO2 evolution coincided with that of the highest populations of biphenyl degraders. The corresponding peak for '4C02 was assumed to correspond to maximal activity for commensal populations that metabolized chlorobenzoates and other degradation products from PCBs. However, as the commensals did not metabolize PCBs, these organisms were believed to have no direct impact on the PCB transformation process itself.
Several recent developments, however, have warranted a reexamination of the role of chlorobenzoate degraders in the PCB degradation process. First, chlorobenzoates have been reported to be inhibitory to PCB metabolism (16, 21) . However, the inhibitory effect is indirect and is actually attributed to chlorocatechols, which are produced when PCB degraders cometabolically transform chlorobenzoates (18, 21) . Second, bacteria that degrade di-and trichlorobenzoates, which are likely to be among the primary PCB degradation products (10, 11) , have only recently been isolated (13, 14) . Thus, the effect of inoculation of these organisms on the PCB degradation process should be reevaluated since they are not likely to be common to most soils. For example, 3-chlorobenzoate, which is the most biodegradable and most studied compound of this class, has been reported in one soil to be metabolized only upon inoculation with a chlorobenzoate utilizer (8) . Third, the recent construction and availability of chlorobiphenyl-mineralizing organisms (1, 15) permit evaluation of the survival and efficacy of inoculants that theoretically should be exempt from the commensal relation and associated spatial-temporal problems of product diffusion between the two populations.
The present study was undertaken to examine the role of chlorobenzoate degraders in conjunction with PCB cometabolizers in soils with respect to optimizing PCB mineralization.
MATERUILS AND METHODS
Soil preparation. An Altamont series (fine montmorillonitic, thermic, typic chromoxerert) surface soil (pH 6.6; P, 4.53%; total nitrogen, 1.9 g kg-'; organic matter, 41 g kg-1) was used in these studies. The PCB fortification solution (total of 60 ml of hexane) contained 2 mg of unlabelled Aroclor 1242 ml-' and 396,424 dpm of 14C-Aroclor 1,242 ml-'. An atomizer was used to apply this solution as an aerosol to 2 kg of soil. Residual hexane was then allowed to evaporate for 3 days by spreading the soil out in a thin layer in a foil-lined pan. Biphenyl and NH4NO3 were added to the bulk soil in crystalline form at rates of 4,000 and 300 mg kg-1, respectively. Samples (100 g) of air-dry soil were placed in 250-ml Erlenmeyer flasks, and a total of 27 ml of 50 mM potassium phosphate buffer (pH 7.5) and/or cell suspension was added to bring the soil to 50% moisture-holding capacity. The initial level of 14C-Aroclor 1242 in each flask was determined to be 1.179 x 106 dpm 100 g of soil-'.
Cultures. The chlorobenzoate-degrading organisms utilized in this study were Pseudomonas aenuginosa JB2 and Pseudomonas putida P1ll. Strain JB2 was isolated from a PCB-contaminated soil in Fontana, Calif. (14) , while strain P1ll was isolated from sewage sludge in Panama City, Panama (13) . Both strain JB2 and strain Plll utilized the following as sole carbon and energy sources: 2-chloro-, 3-chloro-, 2,3-dichloro, 2,5-dichloro-, and 2,3,5-trichlorobenzoate. Neither organism grew on or metabolized biphenyl or chlorobiphenyls. Pseudomonas sp. strain PB133 was also isolated from sewage sludge in Panama City and utilized biphenyl as a sole carbon and energy source but did not grow on chlorobenzoates. In preliminary screening, strain PB133 had demonstrated a relatively broad spectrum of PCB congener degradation and was therefore selected as the test PCB cometabolizer. Pseudomonas sp. strains UCR1 and UCR2 were isolated from chemostat mating experiments (13a) . Strain UCR1 mineralized 3-chlorobiphenyl, while strain UCR2 mineralized both 2-chloro-and 2,5-dichlorobiphenyl.
Prior to use as inocula, the above-listed strains were grown in a mineral salts medium (14) with the following as selective carbon sources (relevant strains in parentheses): biphenyl (strain PB133), 2-chlorobiphenyl (strain UCR2), 3-chlorobiphenyl (strain UCR1), and 2,3,5-trichlorobenzoate (strains JB2 and Plll). Biphenyl, 2-chlorobiphenyl, and 2,3,5-trichlorobenzoate were added at 500 ppm, while 3-chlorobiphenyl was added at 250 ppm for batch culture growth. Cultures were harvested in late log phase by centrifugation (14) and resuspended in 50 mM phosphate buffer to a final density of approximately 109 cells ml-'.
To enumerate the organisms, soil samples (1.27 g [wet weight]) were taken at specified times at and after inoculation from each of the duplicate flasks. These were then added to 99 ml of sterile 50 mM phosphate buffer and shaken for 1 min. Serial dilutions were made in sterile 50 mM phosphate buffer and inoculated (0.1 ml) in duplicate onto the appropriate selective media. Following incubation for 10 days at 27°C, dilutions containing between 20 to 200 colonies were counted. CO2 evolution determinations. Flasks were connected to traps through which a vacuum continually withdrew air (flow rate, ca. 2 ml min-'). Incoming and outgoing air was scrubbed of CO2 by passage through a trap containing 25 ml of 1 N KOH. The solutions trapping outgoing CO2 were changed at 2-day intervals, at which time 10-ml samples were withdrawn for titration of total CO2. The samples were mixed with 15 ml of 0.4 M BaCl2 and 1 drop of phenolphthalein and then titrated with 1 N HCl. The amount of CO2 evolved was then calculated on the basis of the quantity of alkali remaining.
Material balance. Four parameters were examined for partitioning of the added 14C label: C02, soil alkali (e.g., HCO3), components extractable by hexane-acetone (residual PCBs and nonpolar metabolites), and nonextractable components ("'C immobilized in the soil organic matter or biomass). For 14CO2 determinations, 2-ml samples (collected as described in the preceding section) were added to 18 ml of AQUASOL-2. Chemiluminesence was allowed to subside for 12 h prior to counting on a Beckman model LS 5000TD
liquid scintillation counter. Each sample was counted twice, and counts were averaged and adjusted for the counting efficiency (typically 95%). To measure 14C-carbonates, soil samples (20 g ) from each treatment were mixed with 20 ml of distilled H2O in a 250-ml Erlenmeyer flask. A vial containing 0.5 ml of 3 N H2SO4 was then placed in the flask with the soil-water mixture. When the flasks were reconnected to the trapping system and agitated, the introduction of the acid reduced the pH of the soil-water mixture to 4. After incubation for 2 days on the CO2 collection system, samples (2 ml)
were withdrawn for 14C counting as described above. Hexane-acetone extractions were performed as described in the following section. Samples (1 ml) were taken from the extracts for liquid scintillation counting as described above. The residual radioactivity remaining in the extracted soil was determined by counting 0.1 g of extracted soil suspended in 20 ml of scintillation cocktail. Extraction of PCBs. The hexane-acetone extraction procedure described by Brunner et al. (5) was followed for quantification of residual PCBs in soil. Lindane was included as an internal standard. Samples from all soils were analyzed at the beginning and end of the experiment.
Gas chromatography. A Hewlett-Packard (Palo Alto, Calif.) model 5890 gas chromatograph, fitted with a 30-m DB-5 megabore column (J & W Scientific, Folsom, Calif.) and electron capture detector, was utilized. The column was initially held at 205°C for 1 min then heated to 230°C (2°C min-') and held for 10 min. The injector and detector were held at 240 and 300°C, respectively. The helium carrier gas flow was maintained at 3.5 ml min-'.
Chemicals. Both mmol-') and AQUASOL-2 were obtained from New England Nuclear (Boston, Mass.).
RESULTS
All treatments resulted in higher levels of PCB mineralization relative to that in the noninoculated control ( Table 1) . The highest PCB disappearance rates (solvent extraction) and mineralization levels (CO2), however, occurred in soils inoculated with the chlorobenzoate-degrading strain JB2 (25.5%) or strain P111 (23.0%) alone. A second trend was lower PCB mineralization levels achieved by strains JB2 and P111 inoculated together with the PCB cometabolizer (strain PB133) than when inoculated separately. Mineralization was reduced from 25.5 to 11.3% with strain JB2 and from 23.0 to 17.9% with strain P1ll. The difference in mineralization with strain P1ll inoculated alone versus that with coinoculation with strain PB133 was marginally significant at the 95% level value (P = 0.0575). Intermediate PCB mineralization levels were observed in soils inoculated with the PCB cometabolizer, strain PB133 (10.7%), or with the chlorobiphenylmineralizing strains UCR1 (8.7%) and UCR2 (14.9%). These levels were not significantly different from one another ( Table 1 ).
The PCB disappearance was similar to mineralization in that rates after inoculation with chlorobenzoate degraders alone were greater than those after coinoculation with a PCB cometabolizer ( Table 1) . Solvent extracts of [14C]PCBs from soils were significantly lower only when the soil was inoculated with strain Plll or JB2.
Total amounts of CO2 evolved from all inoculated soils were similar (Fig. 1 to 4 ). In the absence of inocula, however, biphenyl amendment was less effective, as lower production of 14C02 paralleled that of total CO2 throughout the incubation (Fig. 1) . CO2 evolution was not observed to increase in the noninoculated soil until after 50 days of incubation. In all inoculated soils, maximum CO2 evolution rates preceded the maximum rates of 14CO2 evolution by 12 to 14 days (Fig. 1 to 4) .
Populations of strain JB2 or Plll increased several orders of magnitude during the first 22-day interval and then either leveled out or decreased slightly during the balance of the study (Table 2 ). While coinoculation with strain PB133 did not appear to affect the growth rates of strains JB2 and Pill, slightly lower final population densities of strains JB2 and Pill were enumerated in soils receiving the dual inocula than in the soils inoculated with strain JB2 or Plll alone.
Populations of 2-chlorobenzoate or 3-chlorobenzoate degraders were not detected in the noninoculated soil at dilutions as low as 10' at any time during the study. Plate counts of biphenyl degraders indicated that while the dynamics of these organisms varied by treatment, substantial populations were detected in all soils, including the noninoculated soil (Table 2 ). Population densities of the biphenyl degraders were more uniform than those of the chlorobenzoate degraders, with the former usually not fluctuating more than 2 orders of magnitude. The exceptions were the soils that received the mixed inocula, in which the population densities of biphenyl degraders increased several orders of magnitude. Viable plate counts above were determined solely by the ability to use either biphenyl, 2-chlorobenzoate, or 3-chlorobenzoate as a sole carbon source. The ability of an isolate to utilize both biphenyl and a chlorobenzoate had not been considered and was not tested. Therefore, one of the experiments using JB2 as the inoculant was repeated by determining viable plate counts on separate media containing 2,5-dichlorobenzoate or biphenyl. Since no indigenous bacteria could be found from viable plate counts on any of the chlorobenzoates used in this study, colonies obtained on 2,5-dichlorobenzoate presumably owed their origin to P. aeruginosa JB2. Colonies obtained from plates containing biphenyl owed their origins, at the onset of the experiment, to indigenous biphenyl utilizers. To determine whether JB2 acquired the ability to utilize biphenyl, every colony obtained from growth on agar plates containing 2,5-dichlorobenzoate was transferred to agar plates containing biphenyl as the sole carbon source. Colonies that grew were then transferred several times from 2,5-dichlorobenzoate to bi- phenyl to verify their purity and ability to utilize both substrates for growth. The number of colonies found to utilize both substrates increased over time (Table 3) .
DISCUSSION
The results from this study indicated that chlorobenzoate metabolism in soils was a limiting factor in the mineralization of Aroclor 1242. The greatest enhancement in mineralization levels was measured in soils inoculated with strains JB2 and Plll alone, even though these organisms could not metabolize PCBs but could degrade a wide range of mono-, di-, and trichlorobenzoates. The enhancement in PCB mineralization and transformation levels in response to the inoculation with either strain JB2 or Plll alone suggests that the indigenous population lacked broad-spectrum chlorobenzoate degradation capabilities. This point was verified by the inability to recover any colonies, by the viable plate count method, from soil on media containing either 2-or 3-chlorobenzoate as the sole carbon source.
The question about the mechanism by which inoculation with chlorobenzoate degraders alone enhanced PCB degradation then arises. Specifically, did the inoculant strains simply metabolize substrates (chlorobenzoates) that otherwise accumulated in their absence, or were PCB minerali- zation levels higher because inoculants stimulated PCB cometabolizers in some manner to enhance the initial transformation of PCBs? If the former occurred, the recoveries of PCBs might be expected to be similar even though mineralization rates would differ. However, this clearly was not the case, as significantly lower levels of PCBs were recovered from the soils inoculated with chlorobenzoate degraders alone. The argument that enhanced PCB mineralization was at least in part a consequence of enhanced PCB transformation may be thus made.
One possible mechanism to account for the enhancement in PCB degradation and apparent stimulation of PCB cometabolizers relates to the role of chlorobenzoates as inhibitor precursors. Chlorobenzoates are metabolized to the corresponding chlorocatechols (18, 21) , which are potent inhibitors of 2,3-dihydroxybiphenyl dioxygenase (1, 21) , a central enzyme involved in PCB cometabolism. Thus, there exists the possibility that the efficacy of PCB cometabolizers is attenuated by an end product of their degradative activity. It is conceivable that the chlorobenzoate degraders could assimilate metabolites produced by PCB degraders that would otherwise accumulate and inhibit the further transformation of the PCBs. However, this begs the question of why coinoculation of the biphenyl utilizer PB133 with either chlorobenzoate utilizer JB2 or Plll gave lower rates of PCB metabolism than did inoculation with either chlorobenzoate utilizer alone.
To keep both sides of the argument in perspective, it should be noted that the addition of either chlorobenzoate degrader with the biphenyl degrader PB133 did not reduce the efficacy of PCB degradation compared with that attained by PB133 alone (Table 1) . Clearly, PCB degradation rates in soil, as measured by disappearance of PCB and 14C02 liberation, were greater when the soil was inoculated with either a biphenyl degrader (PB133), a chlorobenzoate degrader (Plll or JB2), or combinations thereof than when the soil received no inoculum. Thus, addition of chlorobenzoatedegrading inoculants did not assist in removing PCB metabolites produced by the biphenyl utilizers. Moreover, an argument that the two populations were inhibitory to or competitive with each other cannot be made, since there were no discernible differences in population counts among the single-or dual-inoculum treatments (Table 2 ).
In the design of the initial experiment, it had been presumed that colonies formed on biphenyl plates owed their origin solely to indigenous bacteria when soil was inoculated with either Plll or JB2. Thus, the possibility of genetic exchange between the chlorobenzoate degraders and the indigenous biphenyl utilizers was not considered a priori. Since strain JB2 gave the highest rates of mineralization, an additional experiment was designed to determine whether JB2 could have acquired the ability to utilize biphenyl, presumably as a result of genetic exchange with indigenous biphenyl utilizers in soil. The results ( (Fig. 1) is no indication of their capacity or spectrum in attacking Aroclor 1242 congeners: conceivably they could be more diverse than PB133.
The decreased mineralization levels achieved with dual inocula relative to that achieved with chlorobenzoate degraders alone illustrated the problems of inoculating multiple organisms into soil, as opposed to the potential advantages of constructed organisms for delivering both PCB-cometabolizing and chlorobenzoate-degrading activities. In this study, mineralization levels obtained with the constructed, chlorobiphenyl-mineralizing organisms (strains UCR1 and UCR2) were at best 2% greater than that achieved by strain PB133 alone and less than that achieved by strain JB2 or P1ll alone. The results could be attributed to the lack of a broad PCB and/or chlorobenzoate degradation spectrum. With regard to the latter activity, strain UCR1 was able to utilize only 3-chlorobenzoate while strain UCR2 degraded 2-chloro-and 2,5-dichlorobenzoate. This spectrum of chlorobenzoate-degrading activity was far less than that of strain JB2 or P1ll. Moreover, cometabolism of Aroclor 1242 by both strains was poor and restricted primarily to mono-and dichlorocongeners (2a) . Nevertheless, the problems with coinocula indicated herein provide further impetus for developments in strain construction.
In summation, PCB mineralization and transformation were enhanced in the tested soil by the introduction of chlorobenzoate degraders, strains Plll and JB2, which were not previously known to metabolize PCBs. Thus, the important role that chlorobenzoate-utilizing commensals may play in enhancing PCB degradation cannot be overlooked. Whether this enhancement is effected by a consortium or by genetic exchange among inoculant and indigenous bacteria remains unclear.
